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ABSTRACT 
 
Sports-related concussions are a very large public health concern and 
have only recently been brought into the national spotlight, thanks largely to the 
increased media coverage following the deaths of several current and former 
players of the National Football League (NFL).  This problem extends not only to 
professional athletes, but reaches down through college, high school and to our 
youth athletes as well.  The symptoms resulting from concussion are diverse and 
include both acute and long-term effects, and could have particularly debilitating 
effects on the developing brains of young athletes.  Various neurocognitive 
deficits, as well as neurodegenerative diseases such as chronic traumatic 
encephalopathy (CTE) have been associated with concussions.  Research about 
both the short and long-term effects of concussions has been growing in recent 
years, and will continue to grow as advanced neuroimaging tools and biomarkers 
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become better developed.  This will improve diagnostic capabilities, result in 
better prognoses, as well as treatments and prevention.  This review analyzes 
current literature in order to evaluate the lasting impacts of sports-related 
concussions.  By showing the effects of sports-related concussions, especially on 
the developing brain, policy changes aimed at the prevention of concussion in 
sports will be suggested, specifically in terms of mitigating the adverse effects of 
concussions on brain development. 
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INTRODUCTION 
 
Concussion is a type of traumatic brain injury (TBI) caused by a bump, 
blow, or jolt to the head that can affect the normal functioning of the brain (“CDC 
- Concussion - Traumatic Brain Injury - Injury Center,” n.d.).  It has been 
frequently used interchangeably with mild TBI (mTBI) in the medical literature, 
where “mild” refers more to the initial impact of the injury rather than the long-
term effects of the concussion.  An estimated 1.7 million TBIs occur in the United 
States annually, accounting for roughly 1.365 million emergency room visits and 
over 275,000 hospitalizations per year (“CDC - Traumatic Brain Injury - Injury 
Center,” n.d.).  This number likely underestimates the actual incidence because it 
does not account for those who do not seek medical attention, or for those who 
are seen privately.  The majority of these TBIs are minor, and approximately 75% 
of these injuries are classified as mTBIs or concussions (“Report to Congress on 
Mild Traumatic Brain Injury in the United States: Steps to Prevent a Serious 
Public Health Problem,” n.d.).  Sports-related concussions have been gaining 
attention in recent years due to several high profile deaths of both current and 
former NFL players.  This has thrown the issue directly into the spotlight of the 
public health arena as questions abound over player safety and the long-term 
effects of concussions – both on children and professional athletes. 
There are several common features that incorporate clinical, pathologic 
and biomechanical injury constructs, which can be used to define the nature of a 
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concussion.  Such an injury may be caused either by a direct blow to the head or 
elsewhere on the body that causes an impulsive force transmitted to the head.  
This impact is believed to cause the symptoms of concussion through a 
neurometabolic cascade including abrupt neuronal depolarization, release of 
excitatory neurotransmitters, ionic shifts, altered glucose metabolism and 
cerebral blood flow, and impaired axonal function (Barkhoudarian et al.,  2011).  
This usually results in the rapid onset of temporary impairment of neurological 
function that resolves spontaneously, however, with various cases the symptoms 
may evolve over time.  Concussion may also cause neuropathological changes, 
yet acute clinical symptoms mostly reflect a functional disturbance rather than 
structural damage – as such, no abnormality is seen on standard structural 
imaging reports.  There is a graded set of clinical manifestations that may involve 
the loss of consciousness.  Recovery from clinical and cognitive symptoms 
typically follows a sequential course, yet some cases may result in prolonged 
symptoms (McCrory et al., 2013). 
The effects of concussions are numerous and diverse and include both 
short and possible long-term effects on the brain and neurodevelopment.  Acute 
effects of concussion range from mild to severe and include cognitive, behavioral 
and physical symptoms as shown in Table 1 (Jordan, 2013). 
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Table 1 – Symptoms of Acute Concussions.  Short-term effects of mild 
traumatic brain injuries.  Adapted from Jordan, 2013. 
 
Cognitive Features Behavioral Features Physical Features 
Decreased speed of 
information processing 
Sleep disturbance Headache 
Disorientation Irritability Dizziness and/or vertigo 
Lack of awareness Emotional lability Nausea 
Confusion Nervousness and/or 
anxiety 
Vacant stare 
Amnesia or other 
memory impairments 
Psychomotor retardation Impaired playing ability 
Impaired concentration Apathy Gait unsteadiness and/or 
loss of balance 
Loss of consciousness Fatigue Impaired coordination 
Feeling in a ‘fog’ Easily distracted Diplopia and/or blurred 
vision 
  Photophobia 
  Hyperacusis 
  Concussive convulsion 
and/or impact seizure 
 
These symptoms vary greatly, and may develop over the hours or days after a 
concussion.  The majority, 80-90% of concussions, typically resolve in a short 7-
10 day period, however recovery may be longer among the pediatric population 
(McCrory, 2005).   
When the symptoms of concussion persist as a variety of cognitive, 
somatic and behavioral changes, these lingering deficits comprise 
postconcussion syndrome (PCS) (Daneshvar et al., 2011).  Because the 
symptoms of concussions can be so diverse and lack uniformity, there are 
varying definitions of PCS.  A commonly accepted definition is provided by the 
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV).  
According to DSM-IV, PCS is present after a concussion if there is 
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neuropsychological evidence of difficulty in attention or memory, symptoms 
present from a minimum of three of the eight categories presented in Table 2 last 
for at least three months after the head injury, and if these symptoms result in 
significant impairment of daily functioning (Daneshvar et al., 2011). 
Table 2 – Characteristics of PCS According to DSM-IV.  Adapted from 
Daneshvar et al., 2011. 
 
Three or more symptoms for at least three months after mTBI: 
• Fatigue 
• Disordered Sleep 
• Headache 
• Dizziness 
• Irritability or aggression with little or no provocation 
• Anxiety, depression or affect lability 
• Changes in personality 
• Apathy or lack of spontaneity 
 
 
While most symptoms of concussion usually subside within weeks, there 
is a concern over the potential for long-term neurodegenerative effects of head 
trauma.  Alzheimer-like dementia, Parkinsonism, and motor neuron disease are 
all associated with repetitive TBI, and chronic traumatic encephalopathy (CTE), a 
progressive taupathy, is thought to arise from repeated head trauma as well 
(Daneshvar et al., 2011).  Therefore, the severity of concussion cannot be 
determined at the time of impact. 
There is also a growing level of concern over the effect of multiple 
concussions.  This presents one of the biggest challenges of concussion 
management in sports: determining if or when it is safe for an athlete to return to 
play (RTP).  A history of concussion remains the greatest risk factor of sustaining 
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another one (Harmon et al., 2012).  The current guidelines for allowing an athlete 
to RTP following a concussion are shown in Table 3 and provided by the 2012 
Zurich Consensus Statement on Concussion (McCrory et al., 2013). 
Table 3 – Graduated RTP Protocol.  Graded and progressive approach to 
concussion management.  Adapted from McCrory et al., 2013. 
  
Rehabilitation  
Stage 
Functional exercise at each stage 
of rehabilitation 
Objective of  
each stage 
1) No activity Symptom limited physical and 
cognitive test 
Recovery 
2) Light aerobic 
exercise 
Walking, swimming or stationary 
cycling keeping intensity <70% 
maximum permitted heart rate; No 
resistance training 
Increases heart rate 
3) Sport-specific 
exercise 
Skating drills in ice hockey, running 
drills in soccer.  No head impact 
activities. 
Add movement 
4) Non-contact 
training drills 
Progression to more complex 
training drills, ie. Passing drills in 
football and ice hockey; May start 
progressive resistance training 
Exercise, coordination 
and cognitive load 
5) Full-contact 
practice 
Following medical clearance 
participate in normal training 
activities 
Restore confidence 
and assess functional 
skills by coaching staff 
6) Return to play Normal game play  
 
Premature RTP and sustaining another concussion may result in devastating 
neurological impairments, a protracted rate of recovery, or even death in the 
case of second impact syndrome (SIS) (Brooks et al., 2013).  Much research has 
also focused on whether repetitive concussions can exacerbate ongoing 
neurological pathologies and lead to the long-term neurodegenerative diseases 
mentioned previously. 
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 As shown in Figure 1, there are different levels of disease burden affecting 
those individuals with concussion (Toledo et al., 2012).  
 
 
 
Figure 1 – Chronological Burden and Implications of Concussion.  
Immediate, intermediate and long-term effects of mTBI (Toledo et al., 2012).  
 
Diagnosis and effective management of mTBI remains difficult, and there are no 
reliable cost-effective measures to determine the severity of a concussion, the 
potential for lasting neurological damage, the time when the brain has fully 
recovered, or if it is appropriate for the person to return to activity (Toledo et al., 
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2012).  There are long-term effects, both symptomatic and non-symptomatic, that 
are not well defined but may be permanent and possibly contribute to the 
development of neurodegenerative disorders. 
 The brain of a child differs during development compared with that of a 
mature adult, reached around 21 years (Paus, 2010).  Therefore, concussion 
within the pediatric demographic is particularly important because the brain is not 
fully developed.  The specific mechanism underlying neural tissue damage 
appears to be different in the developing brain compared to that of a mature adult 
(Shah et al., , 2006).  This is another area of focus in recent research due to the 
rising numbers of concussions in youth sports, and the greater incidence of mTBI 
in younger athletes. 
 
Prevalence of Concussion in Youth Sports 
 Approximately 300,000 sport-related TBIs, mostly concussions, take place 
each year throughout the United States, and for young people ages 15-24 years, 
sports are second only to automobile accidents for causes of TBI (Gessel et al.,  
2007).  Table 4 shows that among both high school and collegiate athletics, the 
incidence rate (IR) of concussions was highest in American football and soccer. 
 
 
 
 
 
 
 
 
 8 
Table 4 – Concussion Rates In High School and Collegiate Athletes.  A 
comparison of concussion IRs across different sports in the United States, 2005–
2006, from Daneshvar et al., 2011. 
 
Rates more than 1,000 Athlete Exposures  
Sport 
 
Division Practice Competition Overall 
Football High School 
Collegiate 
0.21 
0.39 
1.55 
3.02 
0.47 
0.61 
Men’s Soccer High School 
Collegiate 
0.04 
0.24 
0.59 
1.38 
0.22 
0.49 
Women’s Soccer High School 
Collegiate 
0.09 
0.25 
0.97 
1.80 
0.36 
0.63 
Volleyball High School 
Collegiate 
0.05 
0.21 
0.05 
0.13 
0.05 
0.18 
Men’s Basketball High School 
Collegiate 
0.06 
0.22 
0.11 
0.45 
0.07 
0.27 
Women’s Basketball High School 
Collegiate 
0.06 
0.31 
0.60 
0.85 
0.21 
0.43 
Wrestling High School 
Collegiate 
0.13 
0.35 
0.32 
1.00 
0.18 
0.42 
Baseball High School 
Collegiate 
0.03 
0.03 
0.08 
0.23 
0.05 
0.09 
Softball High School 
Collegiate 
0.09 
0.07 
0.04 
0.37 
0.07 
0.19 
Overall Total High School 
Collegiate 
0.11 
0.28 
0.53 
1.02 
0.23 
0.43 
 
 
As depicted in Table 5, for youth football players aged 8-12 years, the 
combined concussion IR for practices and games was 1.76 per 1,000 athletic 
exposures (AEs); the IR was 0.24 per 1,000 AEs in practices and 6.16 per 1,000 
AEs in games (Kontos et al., 2013).  This concussion IR for youth football players 
was greater than those reported for high school and collegiate athletes, and 
playing in games was associated with a greater risk of head injury as opposed to 
practice, which was higher than previous reports (Gessel et al., 2007; Kontos et 
al., 2013; Marar et al.,  2012). 
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Table 5 – Published Concussion IRs in American Football.  A comparison of 
the concussion IR in youth football leagues to that of the high school and 
collegiate level.  Adapted from Kontos et al., 2013. 
 
Study Age Practice IR Game IR Overall IR 
Kontos et al., 2013 Youth (8-12 years) 0.24 6.16 1.76 
Gessel et al., 2007 High School 0.21 1.55 0.47 
Marar et. al., 2012 High School 0.31 2.29 0.64 
Gessel et. al., 2007 College 0.39 3.02 0.61 
 
Approximately 502,000 emergency department visits for concussion have 
been reported annually for US children who were aged 8 to 19 years old, and half 
of all such visits are for sports-related concussion (Bakhos et al.,  2010).  The 
incidence of concussions in young children is as high as 304 cases per 100,000 
child-years, and was highest in preschoolers.  Most were mild and more common 
in boys than girls.  Between the ages of 0-19 in the US, 173,285 people are 
treated each year for concussions related to sports, and again, most mild in 
origin (Konrad et al., 2011).   
Of critical importance is whether such TBIs sustained in the pediatric 
population affect normal brain development.  Previous schools of thought held 
that the plasticity of the developing brain serves a protective role in pediatric 
patients with respect to TBI.  However, this is changing as more studies are 
being undertaken to tackle the scarcity of age-specific research necessary to 
understand the effects of concussions on the developing brain (Karlin, 2011). 
Sports-related TBI is common in the pediatric population and can cause 
significant acute and long-term effects on the child’s neurodevelopment (Patel & 
Reddy, 2010).  Furthermore, the rate of concussion in high school athletes is 
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higher than that of older athletes (Karlin, 2011).  Of all the football leagues today, 
ranging from youth football through high school, college, and the NFL, only one 
curtails full-contact practices to once per week – the NFL (James, 2012).  
Furthermore, despite the IR shown above in Table 5, studies show that during 
youth football the majority of head impacts occur during practice (Daniel et al., , 
2012).  This is a greater number, but a lower IR due to the nature of the number 
of practices in relation to games.  Prevention of the aforementioned long-term 
effects on the brain and neurodevelopment necessitate ongoing focused and 
directed large-scale case studies on the effects of sports-related concussions on 
neurodevelopment.  Practice policies need to be reevaluated alongside current 
scientific literature to adequately minimize potentially undue risk to which  these 
immature developing brains are exposed. 
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SPECIFIC AIMS/OBJECTIVES 
 As shown in previous studies, it is clear that a significant percentage of 
concussions and TBI occur as a result of sports-related injuries.  However, only 
recently have studies really begun to expose the association between sports-
related concussions and impairment of neurological development and long-term 
neuropathology.  To what extent does TBI affect a child’s brain development?  
What long-term effects are associated with repetitive concussions?  What can be 
done to mitigate the risk we expose athletes to? 
 The goal of this study is to perform a systematic review of the current 
literature in order to evaluate the relationship between sports-related 
concussions and the lasting impacts of concussion.  Specifically, sports-related 
concussions will be addressed in terms of their diagnoses, prognoses, treatment 
and prevention.  
Hopefully upon completion of this study, the effects of sports-related 
concussions will be clear and appropriate recommendations can be made 
regarding policy changes aimed at the prevention of concussions in sports, 
specifically in terms of mitigating the adverse effects of concussions on brain 
development. 
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Diagnosis 
Any athlete with a suspected concussion should immediately be removed 
from play, urgently assessed medically, should not be left alone and should be 
regularly monitored for physical or mental deterioration (“Pocket Concussion 
Recognition Tool,” 2013).  If more serious injury can be excluded based on 
physical exam, then an examination should be initiated to evaluate for 
concussion.  This should be centered on history of concussion, symptoms, 
cognitive and balance assessment and neurological testing (Harmon et al., 
2012). Many tools or protocols have been developed to assist in the sideline 
evaluation of concussions; these include the use of symptoms scores, the 
Maddocks Questions, the Standardized Assessment of Concussion (SAC) and 
the modified Balance Error Scoring System (BESS), as well as the Sport 
Concussion Assessment Tool 3 (SCAT3) and the NFL Sideline Concussion 
Assessment Tool which employ a combination of various assessment measures 
listed above.  When possible, the results of such tests should be compared to 
preliminary baseline values established prior to the injury since baseline values 
can differ significantly on an individual level (Harmon et al., 2012).  
It is consensus and expert opinion that anyone suspected of having a 
concussion be evaluated by a healthcare provider educated in the assessment 
and management of concussions (McCrory et al., 2013).  In addition to clinical 
examinations, neuropsychological testing (NPT) is now utilized in concussion 
management and often administered during clinical evaluation.  The use of NPT 
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aids physicians by providing a tool for the objective assessment of psychological 
function linked to a particular brain structure or pathway.  Used in conjunction 
with the clinical exam, it provides more sensitive results towards subtle cognitive 
impairment (Harmon et al., 2012). 
 
Neuroimaging Techniques: 
Unlike a broken bone that can be diagnosed quickly and easily with 
conventional X-ray techniques, concussions are difficult to diagnose because the 
brain typically shows no radiological evidence of structural deficiencies on 
computed tomography (CT) and magnetic resonance imaging (MRI), (Bazarian et 
al., 2007).  These imaging processes are costly and not always readily available, 
particularly if the injury takes place in a rural or more isolated community.  
Consequently, physicians have had to rely on clinical and cognitive symptoms to 
diagnose concussion.  These symptoms are largely self-reported and usually 
non-specific, or can coincide with differential diagnoses.  It is also important to 
note that concussions are heterogeneous and no two concussions will present 
with the same course of symptoms.  While most cognitive, physiological and 
clinical symptoms tend to resolve in a matter of weeks, 15-30% of patients show 
evidence of those that do not resolve after three months from the time of injury 
(Vanderploeg et al., 2007).  These can persist and lead to permanent disability, 
and to what is known as persistent post-concussive symptoms (PPCS) or PCS 
(Arciniegas et al.,  2005).   
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Recent studies suggest that these PPCS are the result of small 
neurological changes that are beyond what can be detected with standard 
imaging techniques (CT and MRI) that often fail to show the underlying 
neuropathology in concussions (FitzGerald & Crosson, 2011; Shenton et al., 
2012).  These types of conventional neuroimaging studies are insensitive to 
diffuse and traumatic axonal injury (DAI/TAI) – the major neurobiological injuries 
resulting from concussion (Benson et al., 2007).  Recent research is focused on 
relatively new neuroimaging techniques which can detect DAI or TAI, such as 
diffusion tensor imaging (DTI), functional MRI (fMRI) and MR spectroscopy 
(MRS).   
DTI, capable of detecting microstructural tissue architecture and white 
matter fiber tracts of the brain by using the diffusion properties of water, is the 
most sensitive imaging technique available for detecting white matter damage 
and axonal injury following mTBI (FitzGerald & Crosson, 2011; Shenton et al., 
2012).  Water within the cerebrospinal fluid (CSF) is unrestricted and diffuses 
equally in all directions, whereas water in white matter is restricted to varying 
degrees.  This restriction, in part due to axonal membranes, gives rise to different 
shapes of diffusion, or an elongated ellipsoidal shape of the diffusion tensor.  
Two measures of this ellipsoid are fractional anisotropy (FA), which is a measure 
of the relative shape, and mean diffusivity (MD), which is a measure of the 
relative size.  FA differs in white matter compared to CSF because of the 
restriction of water movement, therefore, reduced FA in white matter is thought to 
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correlate with reduced structural integrity of that white matter, which can be 
indicative of axonal damage (Shenton et al., 2012).   
The first study using DTI to evaluate DAIs in mTBI investigated FA and 
MD in anterior/posterior corpus callosum, external capsule and anterior/posterior 
internal capsule in patients experiencing a concussion within the past 24 hours.  
This study observed a lower FA in the corpus callosum and the internal capsule 
of the mTBI patients, and no differences in MD (Arfanakis et al., 2002).  DTI is 
particularly important in the assessment of DAI because it is sensitive enough to 
evaluate the subtle neurological alterations typical of many concussions.  
Specifically, FA and MD have both been utilized to depict the change following 
mTBI or sports-related concussion; however, at this time there is still no link to 
how it relates with clinical symptoms (Harmon et al., 2012).  It remains an 
important early indicator of neurological damage following mTBI, and thus a 
useful tool to aid diagnoses of concussion, as well as potentially becoming an 
important prognostic tool. 
fMRI is useful for measuring altered cortical responses to controlled stimuli 
by evaluating measures of brain function based on differences in blood flow 
through capillaries in the brain.  It does so by measuring difference in the 
magnetic properties of oxygenated versus deoxygenated blood, also known as 
blood oxygenation level dependent (BOLD) imaging (Shenton et al., 2012; 
Toledo et al., 2012).  Therefore, fMRI is an indirect indicator of changes in local 
cerebral blood flow to areas of heightened neural activity.  There have been 
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various studies analyzing the effects of concussions through fMRI.  For example, 
Figure 2 demonstrates the use of fMRI to determine changes in brain activity in 
individuals with no mTBI, low PCS, and moderate PCS during a verbal working 
memory task (Toledo et al., 2012).  This shows that specific brain regions can be 
deregulated or abnormal following mTBI, and can be further analyzed over time 
to see which changes develop in response to time elapsed since the injury.   
 
Figure 2 – fMRI During a Verbal Working Memory Task.  Demonstrates 
additional activation peaks in the left temporal lobe (circled in red) in patient’s 
with low and moderate PCS after mTBI (Chen et al.,  2007). 
 
 
Specifically, this figure shows added activation of the posterior regions, and less 
activation in the frontal regions in patients with low or moderate PCS as 
compared to healthy subjects while performing neurocognitive testing.  Together, 
with other fMRI studies, results suggest that a brain following mTBI will make up 
for the affected areas by activating others, potentially leading to chronic changes 
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in brain connectivity (Chen et al., 2007; McDonald et al., 2012; Toledo et al., 
2012). 
 Another advanced neuroimaging technique that can be applied to brain 
functionality following mTBI is MRS, which does so by measuring brain 
metabolite concentrations using standard clinical MR scanners (Lin et al., 2012).  
This can provide information regarding changes in structure, neuronal health, 
neurotransmission, hypoxia and other brain functions (Shenton et al., 2012).  
Figure 3 shows the use of MRS in comparing brain metabolites from a patient 
with mTBI and those from a healthy control.  It shows that NAA and Cho are 
significantly altered in b2 compared to the control patient at c1 and d1 (Govind et 
al., 2010). 
 
 
 
Figure 3 – MRS Comparison of mTBI Patient and Healthy Control.  Proton 
magnetic resonance spectra from a 22-year-old male with mTBI (a and b), and a 
23-year-old female control (c and d); N-acetyl aspartate (NAA) and total choline 
(Cho).  Data from Govind et al. (2010); modified by Toledo et al. (2012).   
 
Specifically, this study shows that extensive alterations of proton MRS-observed 
metabolites take place within the brain of a concussed individual. 
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Although narrowing, there is still a gap between the clinical applications of 
such neuroimaging and their advancement.  Ongoing research using these 
aforementioned advanced imaging techniques can yield improvements in the 
diagnosis of concussion, and in the not so distant future, hopefully will provide 
key advancements relevant to prognosis following mTBI.  Moving forward, 
longitudinal studies are necessary in order to more fully understand the 
multifaceted nature of neuropathology related to concussion. 
 
Biomarkers of Concussion: 
Although there have been vast improvements in biotechnology, most 
individuals suffering from concussion are diagnosed retrospectively, sometimes 
months later.  Such a diagnosis is often reliant on the patient’s own recollection 
of the events that transpired.  The key to clinical advancements regarding 
concussion lies in the future of biomarkers – objective physiological indicators of 
a biological disease or injury state (Jeter et al., 2013).   
These can be detected through imaging techniques mentioned above 
such as CT or DTI, or through analysis of indicators such as micro ribonucleic 
acid (miRNA), metabolites, lipids or proteins, as demonstrated in Table 6.  As 
mentioned earlier, DTI can be used to measure DAI or TAI that may have 
occurred after a concussion.  In addition to detecting structural abnormalities of 
axonal injury, it can also correlate this white matter injury to cognitive deficits.  
This table also shows other biomarkers, such as proteins like S100B, neuron-
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specific enolase (NSE), protein breakdown products (BDPs), glial fibrillary acidic 
protein (GFAP) and ubiquitin carboxy-terminal hyrdrolase L1 (UCHL1), which can 
hold numerous advantages over neuroimaging in terms of diagnosing 
concussion.  A recent study done demonstrates the clinical effectiveness of using 
S100B levels by showing that adults with mTBI without additional risk factors and 
normal S100B levels within 3 hours of injury may be safely discharged from the 
hospital (Calcagnile et al., 2012).   
 
Table 6 – Biomarkers of mTBI.  A current list of putative biomarkers of 
concussion. Adapted from Jeter et al., 2013. 
 
Biomarker How/Where Evaluated Proposed Use 
DAI/TAI Brain imaging Detect structural abnormalities 
Correlate to cognitive deficits 
S100B Blood serum or plasma 
CSF 
BBB disruption 
Injury severity 
NSE Blood serum or plasma Injury severity 
Protein BDPs Blood serum or plasma 
CSF 
Injury severity for moderate or 
severe TBI 
Prognostic for ICP 
GFAP Blood serum or plasma Differentiate brain injury from 
polytrauma 
Injury severity 
UCHL-1 Blood serum or plasma 
CSF 
BBB disruption 
Injury outcome 
miRNA Lipoprotein microparticles 
   in blood serum or plasma 
CSF 
Diagnostic of TBI 
Injury severity 
Metabolites CSF 
Brain microdialysates 
PET brain imaging 
Injury severity 
Neuronal integrity 
Injury outcome 
NAA:Cr ratio Proton MRS brain imaging Injury outcome 
Return to play/work/duty 
Genetic 
Polymorphisms 
DNA in blood cells Linkage to symptoms 
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Table 6 also shows another potential class of biomarkers, miRNAs.  
These are a family of small, non-coding RNAs that negatively regulate post-
transcriptional gene expression (He & Hannon, 2004).  Many characteristics 
make these small desirable for the use of biomarkers in neuropathology: cell and 
tissue-specific expression patterns, altered levels of expression during disease-
specific patterns, and their stability and detectability in serum, plasma, CSF and 
other peripheral body fluids (Jeter et al., 2013).  Redell and colleagues used this 
idea to test if plasma miRNA levels were affected in patients with TBI, and to see 
if they could be used as a new diagnostic biomarker of mTBI.   Results showed 
that for mTBI subjects, plasma levels of miR-92a and miR-16 were significantly 
increased within the first 24 hours of injury compared to healthy individuals 
(Redell, et al.,  2010).  
Metabolites are another category that has shown promise as biomarkers 
for concussion – these include those of lipids, neurotransmitters and glycolytic 
intermediates (Jeter et al., 2013).  mTBI has been shown to alter levels of certain 
metabolites in different regions of the brain, which have been associated with 
various symptoms of concussion.  A promising metabolic biomarker, NAA, has 
been proposed as an indicator of neuronal integrity and can be detected through 
proton MRS (Jeter et al., 2013).  Figure 4 shows a significant drop in levels of 
NAA within the brains of patients with mTBI (Cohen et al., 2007).  
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Figure 4 – Whole-brain NAA Measures in Patients with mTBI.  NAA in 
patients and controls shows a significant WBNAA deficit in patients.  Modified 
from Cohen et al., 2007 
 
This deficit is indicative of the diffuse neuronal and axonal injury sustained by the 
mTBI.  Cohen also showed that these deficits are even apparent in patients with 
concussion that did not exhibit a visible pathology after MRI. 
Peripheral tissue measurements, such as those from blood, saliva or 
urine, can yield results at a lower cost and are minimally invasive.  These 
biomarkers could potentially be used to determine if subsequent neuroimaging is 
necessary, as well as objectively assess the efficacy of an experimental 
treatment (Jeter et al., 2013; Toledo et al., 2012).  Furthemore, these biological 
indicators could be used in conjunction with already established clinical practices 
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like neuroimaging, physiological and neurological examinations in order to 
improve mTBI diagnosis and potentially lead to a better prognosis. 
 
Prognosis 
 The prognosis following concussion is influenced by a variety of factors, 
most importantly history of prior concussion and age of onset.  The number, 
severity or duration of symptoms following a concussion, as well as gender and 
genetic predisposition have all been implicated in affecting the risk of sustaining 
a concussion or causing a more protracted rate of recovery (Harmon et al., 
2012).  A particularly large focus has been on youth sports because of the effects 
on the developing brain, as it has been found that young athletes require more 
recovery time from concussion than older athletes, have significant 
neurocognitive deficits as a result of concussion and are at greater risk for 
concussion (Jeter et al., 2013).   
 
Age of Onset and Effects on Developing Brain 
 The age of onset while sustaining a concussion is hypothesized to play a 
significant role in the patient’s prognosis.  A recent study confirmed that younger 
athletes take longer to recover than older athletes, defined by a return to their 
neurocognitive baseline (Zuckerman et al., 2012). Two hundred athletes who 
suffered a sports-related concussion, 100 adolescent (13-16 years old) and 100 
young adult (18-22 years old), completed baseline and postconcussion 
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neurocognitive testing.  The results of this study are displayed in Table 7, which 
shows significant differences were found for days to return to baseline between 
adolescents and young adults, in three out of four neurocognitive measures, as 
well as on the total symptom score.   
 
Table 7 – Mean Number of Days to Return to Baseline Values.  This shows 
the average number of days to return to baseline neurocognitive values by age 
group.  Only processing speed was not a statistically significant difference.  
Modified from Zuckerman et al., 2012. 
 
Composite Scores Age group 
 Adolescents Young Adults 
Verbal memory 7.2 4.7 
Visual memory 7.1 4.7 
Reaction time 7.2 5.1 
Processing speed 6.8 5.3 
Postconcussion scale 8.1 6.1 
 
 
Mean number of days to return to baseline was greater for the adolescents 
among the following categories: Verbal memory (7.2 vs 4.7), visual memory (7.1 
vs 4.7), reaction time (7.2 vs 5.1) and PCS scale (8.1 vs 6.1).  This shows that 
regarding sports-related concussion, adolescent athletes take longer to return to 
their neurocognitive and symptom baselines. 
 Additional studies confirmed that average time to return to baseline values 
through neuropsychological evaluation was longer in high school athletes than 
those of college and professional athletes.  Specifically, high school athletes with 
concussion had prolonged memory dysfunction relative to college athletes with 
concussion (Field et al., 2003).  High school athletes also demonstrated a slower 
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rate of recovery than NFL athletes.  These professionals demonstrated a rapid 
neuropsycological recovery and returned to baseline performance within a week, 
most within two days (Pellman et al., 2006).  Data suggests a more protracted 
recovery from concussion in younger athletes. Age also appears to affect the 
neurocognitive deficits endured by athletes following mTBI: normalization of 
symptoms in high school athletes was observed two weeks post-injury while 
verbal memory deficits persisted (McClincy et al., 2006). 
 
Multiple Concussions and Issues Regarding Return to Play: 
 A history of concussion is associated with a higher risk of sustaining 
another concussion; this number ranges from 2-5.8 times greater of a risk 
(Harmon et al., 2012).  In adolescent patients with a history of more than one 
previous concussion, significantly more symptoms were reported after sustaining 
an additional mTBI compared to those with only one or no previous concussions.  
Those with two or more prior concussions also reported more symptoms at 
baseline (Brooks et al., 2013).  Because the history of a previous concussion is 
the largest risk factor of sustaining another one in the future, much attention has 
been focused on improving diagnoses and towards the proper management of 
sports-related concussions, especially concerning return-to-play (RTP) protocols. 
While much attention has been on the cumulative cognitive effects of 
concussions, the effect of the time interval between repeat concussions has not 
been studied in great depth.  A recent study in mice showed that increasing 
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recovery time between injuries improves cognitive outcome after repetitive 
concussions (Meehan et al., 2012).  This is greater evidence of the need to be 
more conservative with concussion management, particularly regarding RTP 
protocols before allowing athletes to be put at risk of sustaining an additional 
concussion. 
As a result of these cumulative effects of concussion mentioned earlier in 
this section, there appears to be a critical period, or a period of vulnerability, 
where enduring an additional mTBI can worsen ongoing neuropathology (Jeter et 
al., 2013).  The concern over allowing an athlete to RTP centers on three areas 
of concern: second impact syndrome (SIS), a protracted rate of recovery from 
sequential concussions or PCS, and possible long-term neurodegenerative 
diseases that may arise due to repetitive concussions such as CTE (Doolan et 
al.,  2012). 
SIS, a short-term complication of concussions, is a condition that occurs if 
an athlete suffering from PCS following a mTBI, sustains a second head injury 
within several weeks of the initial one.  This can lead to diffuse cerebral swelling, 
brain herniation and even death within minutes, and is believed to be caused by 
a rapid loss of auto-regulation in the cerebral vessels (Bey & Ostick, 2009).  
While there is some speculation about the existence of such a syndrome due to 
its extremely rare incidence, most experts agree that an initial concussion 
precedes the subsequent catastrophic event and is due to incomplete recovery 
from the initial head injury.  SIS is of particular concern regarding youth sports, 
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not only because of its extremely high mortality and morbidity rates, but because 
it almost exclusively affects athletes under 20-years old (Doolan et al., 2012).  
Similar to the risk of SIS, athletes with a history of concussions have also been 
shown to have a more protracted rate of recovery from PCS (Jeter et al., 2013).  
It has also been suggested that CTE and other neurodegenerative diseases are 
associated with repetitive concussions.  This issue will be explored in the 
following section. 
 
Long-term Effects and Neurodegenerative Disease 
 
Depression 
A study of retired NFL players who answered questions regarding clinical 
depression revealed that 269, 11.1%, of the 2,434 players had a previous 
diagnosis of clinical depression.  There was an association between recurrent 
concussion and diagnosis of lifetime depression, suggesting that the prevalence 
increases with increasing concussion history.  Compared to retired players with 
no reported history of concussion, those with a history of one or two concussions 
were 1.5 times as likely to be diagnosed with depression, and those with three or 
more previous concussions were found to be more than 3 times as likely to be 
diagnosed with depression (Guskiewicz et al., 2007). 
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Neurodegenerative Disease 
TBI has long been believed to play a role in initiating or accelerating the 
molecular cascade involved in several neurodegenerative diseases, including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral 
sclerosis (ALS) (Chen et al., 2007; Goldman et al., 2006; Mortimer et al., 1991).  
A cohort mortality study of 3,439 NFL players shows that the death rate from 
neurodegenerative diseases was three times greater than that of the general US 
population; more specifically the rates of diagnosis of AD and ALS were four 
times higher (Lehman et al.,  2012).  These results suggest an increased risk of 
neurodegenerative disease among football players, consistent with recent 
studies. 
 
Alzheimer’s Disease 
 Numerous epidemiologic studies point towards a relationship between a 
history of previous head injury and the risk of developing AD (Fleminger et al.,  
2003; Mortimer et al., 1991; Plassman et al., 2000).  AD is a neurodegenerative 
disorder distinguished by the presence of extracellular senile plaques, which are 
formed of aggregates of amyloid beta (Aβ) peptides, and intracellular 
neurofibrillary tangles, which are bundles of fibrils made up of aberrantly 
phosphorylated tau microtubule associated proteins (Sivanandam & Thakur, 
2012).  Many pathological features such as Aβ deposition and tau 
phosphorylation, are common to both acute brain trauma and AD.  Furthermore, 
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retrospective epidemiological studies show that TBI is an important epigenetic 
risk factor for AD, as 30% of patients, who die of TBI, showed Aβ plaques which 
are pathological features of the disease (Sivanandam & Thakur, 2012).  Aβ 
deposits can be detected as early as two hours after injury in young TBI patients 
(Ikonomovic et al., 2004); while the exact role of Aβ in the progression of AD is 
not well understood, multiple preclinical studies have demonstrated a correlation 
between reduced Aβ and improved outcome (Sivanandam & Thakur, 2012). 
 
Parkinson’s Disease 
PD is characterized by the loss of nigrostriatal dopaminergic neurons and 
the deposition of α-synuclein, the main component of Lewy bodies – the 
pathological hallmark of PD (“Alpha-synuclein and Parkinson’s Disease | The 
Michael J. Fox Foundation,” n.d.).  Studies in both animal and human models 
show that TBI results in the accumulation of α-synuclein (Mondello et al.,  2013; 
Uryu et al., 2003).  While there is still no conclusive evidence of a relationship 
between concussions and the development of PD, mild to moderate TBI has 
been found to be an important risk factor for PD (Goldman et al., 2006).  This 
study suggests that prior head injury is associated with PD at an odds ratio of 3.8 
(95% confidence interval, 1.3-11; p=0.014).  However, the nature of this 
relationship is not well understood. 
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Amyotrophic Lateral Sclerosis 
 ALS is a fatally progressive degenerative disorder of the nervous system.  
While the cause of ALS is still unknown, many risk factors have been proposed.  
Specifically, head trauma has been implicated in potentially initiating the 
molecular cascades that result in ALS (Chen et al., 2007).  A study of soccer 
players in Italy showed that there was an unusually high and statistically 
significant relationship between playing professional soccer and development of 
ALS (Chio, 2005).  While it is not conclusive, repetitive head trauma endured 
during professional soccer may have been the contributing factor to this increase. 
 
Chronic Traumatic Encephalopathy 
 CTE is the term used to describe the neurologic deterioration that results 
from repetitive brain trauma.  Consequences are progressive problems 
associated with memory and cognition, depression, and irrational behavior 
including impulsivity, aggression, Parkinsonism, dementia and suicide attempts.  
First seen in boxers, this progressive tauopathy is now being noticed in athletes 
from a multitude of different sports including American football, hockey and 
wrestling, all with a history of repetitive brain injuries.  It is also common among 
military veterans exposed to repetitive brain trauma through blasts and other 
injuries (Stern et al., 2011). 
A recent study performed by the Boston University Center for the Study of 
Traumatic Encephalopathy and the Veterans Affairs Boston Healthcare System 
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examined post-mortem brains from 85 subjects with history of repetitive mTBI 
(McKee et al., 2012). Research regarding CTE is so new that this study alone 
more than doubled the number of documented cases of CTE.  They found that 
80%, or 68 of the 85 subjects, exhibited evidence of CTE.  These were all males 
spanning ages from 17 to 98 years old, and included 64 athletes and 21 military 
veterans (18 of whom were also athletes).  All progressive stages of 
hyperphosphorylated tau (P-Tau) pathology, I-IV of CTE, exhibited multifocal 
axonal varicosities as well as axonal loss of the deep cortex and subcortical 
white matter.  Figure 5 shows the spectrum of the tauopathy in CTE as it ranges 
in severity from focal perivascular epicenters of neurofibrillary tangles in the 
frontal neocortex to severe tauopathy affecting widespread regions of the brain. 
 
 
 
 
 
 
 
 
 
 
 
 31 
 
 
Figure 5 – The Four Stages of CTE.  These images depict the progression of 
the hyperphosphorylated tauopathy through the four stages of CTE.  Adapted 
from McKee et al., 2012. 
 
This study also showed that CTE is commonly related to other 
neurodegenerative diseases.  Of the 68 CTE diagnoses, 63% were solely 
diagnosed CTE, 12% were diagnosed with motor neuron disease, 11% with 
Alzheimer’s, 16% with Lew body disease and 6% with frontotemporal lobar 
degeneration.  More specifically, 31 of the 34 former NFL players studied had 
stage III-IV CTE or CTE with a co-morbid disease.  This common correlation with 
other neurodegenerative diseases indicates that repetitive mTBI and 
hyperphosphorylated tau protein deposition may lead to accumulation of other 
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abnormally aggregated proteins such as Aβ protein and α-synuclein (McKee et 
al., 2012). 
 
Treatment and Management 
The most important aspect of treating a concussion is rest until the acute 
symptoms resolve.  This includes cognitive rest as well as physical rest and is 
the general consensus from the 4th International Conference on Concussion in 
Sport (McCrory et al., 2013).  Just as a student-athlete is recommended to 
abstain from any physical activity immediately following a concussion, it is 
equally important to reduce any instances requiring extended concentration and 
attention following a concussion; in addition to academics, this extends to leisure 
activities like video games and reading (Ma, 2012).  These activities have the 
potential to exacerbate symptoms and delay recovery.  Most concussions, 80-
90%, resolve within a ten day period, however as noted earlier, the necessary 
recovery time for children may be longer (Jeter et al., 2013; McCrory et al., 
2013).  Rest is important until symptoms resolve, at which time a graded protocol 
of exertion prior to medical clearance is necessary before permission to RTP, as 
detailed in the introduction (McCrory et al., 2013). 
While there are standardized guidelines in place for an athlete’s RTP, no 
consensus exists for returning the student-athlete to the classroom.  Even though 
some patients appear symptom free, there may be persistent cognitive deficits 
following mTBI (Howell et al., 2013).  There needs to be an optimum balance 
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between rest and continued academic progress during recovery, however, as of 
now that line is unclear.  Reasonable accommodations such as excused absence 
or a reduced workload have been proposed to assist the student-athlete during 
recovery, yet there still is no consensus agreement on this issue (McGrath, 
2010). 
Although the mechanisms underlying the neurological damage following 
concussions is becoming better understood, treatment options are still limited.  
There is no convincing evidence of any particular medication that effectively 
treats a concussion’s acute symptoms.  In addition to physical and mental rest, 
current treatment is based on approaches to each specific symptom – commonly 
headache, difficulty sleeping or depression – which either result directly from or 
are exacerbated by the head trauma (Harmon et al., 2012).  
While current guidelines suggest a strict no physical or mental exertion 
policy during immediate recovery, recent developments are calling into question 
whether early exposure to light, controlled exercise can improve prognosis and 
help treat PCS.  A fundamental cause of PCS is persistent physiologic 
dysfunction, which may include altered autonomic function and impaired 
autoregulation and distribution of cerebral blood flow.  A small study examining 
the effects of PCS and symptom management, subjected 12 patients suffering 
from PCS to a light exercise routine during recovery.  Results suggested that 
treatment with early controlled exercise is not only safe, but appears to improve 
PCS symptoms when compared with a no-treatment baseline (Leddy et al., 
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2010).  Aerobic exercise training and exercise-assessment of concussion may 
improve PCS prognosis by restoring autonomic balance through improvement of 
cerebral blood flow.  This was further tested using fMRI – the first study to use 
fMRI to assess activation changes before and after a specific treatment regimen 
for PCS (Leddy et al., 2012).  fMRI, as explained earlier, is an indirect measure 
of changes in local cerebral blood flow to areas of heightened activity (Toledo et 
al., 2012).  This study compared a healthy control group to two groups of PCS 
patients, one that received exercise treatment and one that received placebo 
stretching.  fMRI activation showed that controlled aerobic exercise rehabilitation 
resulted in greater activity in the cerebellum, anterior cingulated gyrus and 
thalamus, and was no different from the activation of the healthy control group, 
whereas that of the placebo was significantly less (Leddy et al., 2012).  Another 
study shows that exercise preconditioning, or previous physical training, reduces 
initial damage of cerebral inflammation and protected against long-term 
secondary degeneration after TBI-induced toxicity (Mota et al., 2011). 
Exercise also has other favorable effects on the brain by increasing 
neuroplasticity.  These are likely mediated by select neurotrophins, such as 
brain-derived neurotrophic factor (BDNF), which induces a cascade of molecular 
and cellular processes that has well defined effects on neuronal survival, growth 
and synaptic plasticity.  Exercise-induced enhancement of neuroplasticity has 
lead to its consideration as a therapeutic tool for mTBI, suggesting facilitation of 
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plasticity changes leading to adaptive neural repair as well as reverse cognitive 
and emotional deficits of TBI (Archer, 2011).  
A study tested this hypothesis in rats to see if voluntary exercise following 
TBI resulted in an increased amount of BDNF, the results of which are shown in 
Figure 6 (Griesbach et al., 2004).  The rats underwent experimental TBI and 
were housed with and without access to a running wheel from post-injury days 0-
6 (acute) or 14-20 (delayed).  Amount of exercise was assessed by nightly wheel 
rotations while BDNF protein amounts were quantified using an enzyme-linked 
immunosorbent assay (ELISA).  Figure 6A shows data from acute and delayed 
SHAM-exercised rats.  These were pooled together because of the lack of 
significant differences between them, and a significant positive correlation 
between amount of exercise and BDNF levels was found.  Figure 6B shows that 
exercise-dependent BDNF up-regulation was not observed in acutely TBI-
exercised rats, and Figure 6C shows a positive correlation between amount of 
exercise and BDNF levels for delayed TBI-exercised rats. 
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Figure 6 – Relationship Between Exercise and Hippocampal BDNF.  
(A) Acute and delayed SHAM-exercised rats.  (B) Acute TBI-exercised rats.  (C) 
Delayed TBI-exercised rats.  Adapted from Griesbach et al., 2004. 
 
 
Additional rats were cognitively assessed using the Morris water maze (MWM) 
after the acute and delayed exercise following TBI.  This showed that shams and 
delayed TBI-exercise rats benefited from exercise, compared with the delayed 
TBI-sedentary rats, while cognitive performance of the acute TBI-exercise rats 
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was significantly impaired.  This study also shows that the timing of the exercise 
after the injury is critically important.  If administered appropriately, voluntary 
exercise can endogenously up-regulate BDNF and enhance recovery when it is 
delayed after TBI; however, this up-regulation of plasticity-related proteins was 
diminished by exercising too early after injury (Griesbach et al., 2004). 
Various experiments examined have begun to test other therapeutic 
alternatives for TBI.  A recent study in a mouse model of mTBI found that 
treatment with low concentration or short durations of inhaled nitric oxide 
prevents short term memory loss and also attenuates the inflammatory response 
(Liu et al., , 2013).  It has been suggested that this neuroinflammatory response 
after a concussion leads to the development of cerebral swelling, deterioration of 
the blood-brain barrier and consequential neuronal damage.  Although 
preliminary, these findings could pave the way for successful treatment of 
concussion by using anti-inflammatory treatment to mitigate the harmful effects of 
neuroinflammation, thereby reducing delayed cell death (Liu et al., 2013).   
Another study, testing the effects of fish oil supplements in a mouse model 
of brain injury, showed that animals treated with a high dose supplement for 30 
days following TBI exhibited decreased axonal injury compared to controls (Mills 
et al.,  2011).  Mills took these promising results one step further and tested to 
see if fish oil supplements had any prophylactic benefit against TBI.  This study 
concluded that supplementation given prior to TBI reduced injury response – 
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measured by axonal injury counts, cellular markers for injury and apoptosis, and 
memory assessment by water maze testing (Mills et al.,  2011). 
 
Discussion: Prevention, Challenges and Future Directions 
 Sports-related concussions remain a significantly underestimated public 
health problem that has only recently been gaining attention in the public arena.   
Even with all the information available today about the risks associated with 
concussions, both immediate and long-term, without the dissemination of this 
information to the general public there will continue to be concussions that go 
undiagnosed, improperly handled and mistreated.  Estimates of at least 3.8 
million concussions are sustained during competitive sports every year in the 
United States – 50% of which may go unreported and therefore undiagnosed 
(Harmon et al., 2012).  This is an issue not necessarily due to errors in diagnostic 
protocol, but because of the nature of the diagnosis.  Post-concussive symptoms 
are very subjective, and the clinician or athletic trainer often has to rely on self-
reported indices by the athlete.  Due to the lack of pervasiveness of concussion 
education, and the common misunderstanding about their long-term effects, 
many athletes lie about or try to mask their symptoms in an effort to either be 
allowed to continue participating in the sporting contest, or RTP sooner than is 
recommended.   
Education will therefore be an integral component to any successful 
campaign against this silent epidemic.  Not only will improving concussion-
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related education be important for prevention, it will also help improve diagnosis, 
prognosis as well as ensure appropriate management and better treatment to 
facilitate a full recovery.  It is important that athletes understand the signs and 
symptoms of concussions, as well as the risk factors and types of behavior 
(specific to each sport) that are likely to result in head injury.  Returning to the 
issue of RTP, it is critical that not only athletes, but also coaches, sports officials, 
parents as well as the general public receive proper education to ensure that 
concussions are properly identified and treated.   
Furthermore, just as there are standardized procedures for determining 
when it is appropriate to RTP, universal guidelines need to be adopted 
throughout the school system for appropriate return of the student-athlete to the 
classroom.  Mental rest is equally as important as physical rest following a 
concussion, and premature mental stimulation can potentially exacerbate 
postconcussion symptoms or lead to long-term neurocognitive issues.  Studies 
have shown that neurocognitive deficits are greater and last longer in 
adolescents, and can be present even if a child appears asymptomatic. 
Education of teachers, school nurses and administrators will be crucial since 
mental rest is equally important immediately following concussion as physical 
rest.  As research progresses and more information is learned about the recovery 
process, reasonable accommodations can be made to assist the student-athlete 
during recovery.  Educators should be open to the following changes for student-
athletes recovering from concussion: excused absences, reduced workload, 
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extra time for testing or assignments, and increased frequency of breaks 
throughout the day.  A balance must be found between rest and continued 
academic progress during recovery, but until then it is better to be more 
conservative with concussion management.   
Unless the costs and convenience of advanced neuroimaging improves, 
as more research is conducted to define specific and sensitive biomarkers, the 
use of such biomarkers as a diagnostic tool will be critical.  Biomarkers have the 
potential to revolutionize management of concussions.  Once identified and 
confirmed, they will be able to diagnose a concussion at times when it may not 
be so apparent to a clinician, and they can detect subtle differences in cognition 
and neurobiological changes.  In addition to revolutionizing the diagnosis of 
concussion, it will be equally important for providing objective measures of 
disease status, which can be used to predict the prognosis and tailor treatment 
individually.  Ideally these will be able to portray whether a patient is subject to a 
protracted rate of recovery.  Therefore the period of vulnerability following TBI 
can be defined, RTP guidelines can be improved and policies regarding the 
return to academics can be established. 
 Neurologists once thought that increased plasticity of the developing brain 
served a protective role in pediatric patients with respect to TBI.  However, this 
view has since changed.  Not only are younger athletes at greater risk of 
concussion, but the onset of this first concussion automatically increases their 
risk of another by as much as 5.8 times greater.  By reducing the risk of 
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concussion in youth sports, the risk of sustaining this initial concussion will also 
be reduced.  If the average age that this first concussion was experienced 
increased, then significantly less child-years will be spent playing a sport with an 
increased risk for mTBI, and therefore hopefully a smaller risk of developing the 
neurodegenerative diseases commonly associated with repetitive brain trauma, 
such as CTE. 
Another approach to reduce the health burden of concussions is to 
decrease the number of impacts that could lead to concussion, thereby reducing 
their associated cumulative effects.  Of all the football leagues ranging from 
youth football through high school, college and the professional level, only one of 
these has limited the number of full contact practices to once a week – the NFL.  
Why is this only the case for the professionals, when at this point, an athlete’s 
brain has already fully developed?  Changes need to be adopted throughout all 
levels of sports to ensure that adolescents and young adults are not subject to 
any unnecessary risk.  In terms of American football, practice alone is the source 
of up to 1500 impacts of 10 g or more for some football players (Crisco et al., 
2010).  The Ivy League colleges began to pave the way by limiting full contact 
practices to two times per week, and hopefully this will lead to widespread 
changes throughout the NCAA, high school and youth sports.  This is especially 
important for youth football and high school given the critical period of 
neurodevelopment.  Simply reducing the number of full contact practices could 
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greatly reduce the head trauma sustained in sports, including both concussive 
and subconcussive blows.  
 While the recent study by McKee about CTE yielded an immense amount 
of information on this relatively newer disease, like the tests before it, it failed to 
prove definitively that mTBI sustained on the field of play caused CTE.  In order 
to make this next step, clinicians have to be able to identify CTE in living patients 
through advanced imaging equipment, biomarkers or some other technique.  
Furthermore, while these findings are important in order to learn more about this 
disease, it should be noted that it was not a randomized trial, rather the brains 
were obtained through donations – many of which were probably donated by 
families due to the presence of CTE-like symptoms in the deceased athletes.  
There are journal articles documenting possible associations with 
concussions and long-term neurological damage, specifically CTE from as early 
as the 1980s with studies involving boxers.  It wasn’t until 2005 that the first study 
was published about the effects seen in players from the NFL, with the majority 
of studies only taking place within the last three to five years.  While there are 
plenty of studies analyzing the effects of concussions on high school and college 
football players, the age-specific research is scarce for adolescents and those 
most at risk during the critical time of brain development. 
The improvement of advanced neuroimaging tools will be important in the 
coming years, both on the scientific and clinical ends of the spectrum.  As they 
become more cost-effective, they can be used to better diagnose, evaluate and 
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treat concussions.   Another challenge lies with the diagnosis of CTE, which can 
currently only be diagnosed postmortem.  Can diagnostic improvements be made 
so that CTE can be identified during life and subsequently treated, prevented and 
cured?   
Presently, treatment options are limited or non-existent and only focus on 
reducing the presentation of specific symptoms.  Several potential therapies are 
being explored to improve the neurocognitive deficits following concussion, but 
right now the best approach is to focus on prevention.  Dietary fish oil 
supplementation, both as a treatment and a prophylactic for mTBI, appears 
promising and requires further research before any recommendations can be 
made.   
Exercise also looks promising as a treatment option following concussion 
as it induces neurotropic factors such as BDNF.  Given the role of BDNF in 
learning, it is likely that the increased BDNF was involved in the MWM results of 
the SHAM-exercised and delayed TBI-exercised rats, suggesting that exercise 
may increase cognitive performance thereby decreasing the resulting 
neurocognitive deficits of concussion.  However, the possibility that exercise 
provided at the wrong time may have detrimental effects to the recovery process 
requires careful planning of the use of rehabilitative exercise immediately 
following TBI (Griesbach et al., 2004).  Data suggests that there is a period of 
vulnerability to secondary injury due to premature activation (mental or physical) 
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during which the brain is undergoing dynamic restorative processes and 
metabolic changes. 
Furthermore, neurological studies need to continue to assess the risk of 
concussions in a developing brain compared to those in a mature brain, 
especially in the long-term which as of now are mostly retrospective studies.  
Prospective longitudinal studies will be key to understanding the full and lasting 
effects of concussions, especially as they pertain to neurodegenerative diseases 
such as CTE.  A more thorough understanding of concussion as a risk factor for 
these neuropathologies will lead to better treatment and prevention measures in 
the future. 
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